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I. INTRODUCTION

In his first paper on the cytochrome system
in 1925, Keilin (1) noted that the cytochromes
have a widespread distribution in nature. These
pigments are characterized by sharp bands in
the absorption spectrum when they are in the
reduced form, and the appearance and disap-
pearance of these bands could be seen with a
visual spectroscope as the cytochromes were
reduced and oxidized in various kinds of cells of
animals and higher plants and in bacteria, except
for the obligate anaerobes.

The reactions of the cytochrome system have
now been studied extensively. Many studies have
been made with baker’s yeast and with a prepara-
tion of heart muscle extract devised by Keilin
and Hartree (2). The heart muscle extract has a
high concentration of cytochromes and less
turbidity than suspensions of whole cells or
homogenates; thus, it is more suitable for spec-
troscopic observations. The cytochrome systems
of yeast and heart muscle are found to be similar.
The a-bands of the reduced pigments in the
visible region of the spectrum can be seen at
605, 564 and 551 my, corresponding to a mixture
of cytochromes a + a;, b and ¢, respectively.
Like other hemoproteins, these cytochromes
also show secondary or S8-bands in the visible
region, which overlap to form one inhomogeneous
band around 525 mu. The vy-bands (often called
Soret bands) of these cytochromes are strong
bands in the violet region of the spectrum at
445 mp (cytochromes a + as), 430 mu (cyto-
chrome b) and 415 mu (cytochrome c¢) in the
reduced form. The Soret bands are very difficult
to see with a visual spectroscope. It was Keilin
and Hartree (3) who showed that the bands at
605 and 445 mu in heart muscle extract cor-
respond to a mixture of two cytochromes, a
and a;, and that the large band at 445 mu is
mostly due to cytochrome as;, while cytochrome
a is mostly responsible for the visible band at
605 mu. They observed that cytochrome a; has
a number of properties of the enzyme cytochrome
¢ oxidase and that the absorption bands of its
carbon monoxide compound correspond to those

observed by Kubowitz and Haas (4) for their
“respiratory enzyme’.

The cytochrome as of baker’s yeast and heart
muscle has now been definitely identified as the
respiratory enzyme of these cells (5), which is
cytochrome ¢ oxidase. The cytochrome a; oxidase
reacts with oxygen; it oxidizes cytochrome c
which can oxidize a number of other substances
in the cell. Cytochrome ¢ has been isolated
from the cells and purified (6); thus its properties
have been studied extensively. Definite roles for
cytochromes a and b have not been established.
However, they can also be seen to undergo oxi-
dation and reduction in the intact cells.

One more cytochrome has been observed by
Keilin and Hartree in yeast and heart muscle
(7). The absorption band of this cytochrome,
which they called cytochrome e, can be seen only
on cooling the cells in liquid air. This procedure
intensifies and sharpens the absorption bands of
the cytochromes.

A recent article by Keilin and Slater (8) reviews
the developments leading up to our present con-
cepts of the mammalian cytochrome system, and
Wyman’s review of the hemoproteins (9) gives
an insight into the structure and properties of
these pigments. In an attempt to give some sort
of over-all picture of the nature of these pigments,
this review will compare and contrast the bac-
terial cytochrome systems with that of mam-
malian tissues, which has been investigated more
thoroughly.

II. OBSERVATIONS ON THE ABSORPTION SPECTRA
OF BACTERIAL CYTOCHROMES

A. Studies with the Visual Spectroscope

Several years after Keilin’s first description of
the cytochromes, Keilin (10) and Yaoi and
Tamiya (11) reported that the bands of the
reduced cytochromes of many bacteria were not
at the same wavelengths as those of yeast and
mammalian tissues. Yaoi and Tamiya concluded
from their studies that the aerobic bacteria
showed a 4-banded cytochrome spectrum, the
facultative aerobes a 2- or 3-banded spectrum,
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Figure 1. Representation of cytochrome spectra of bacteria (Fujita and Kodama, 14).

while the obligate anaerobes contained no cyto-
chromes. This idea that there is a relationship
between the cytochrome spectrum and the
degree of aerobiosis of the bacteria has per-
sisted (12) although more extensive studies, to be
described later, have proved it to be incorrect.

Many spectroscopic examinations of the
cytochromes of bacteria have been made; three

examples of rather extensive studies are those
of Frei et al. (13), Fujita and Kodama (14) and
Yamagutchi (15). Figure 1 illustrates typical
data. There is a great deal of disagreement
among the different results reported, and an
attempt to give a listing of all of the observations
made on bacteria would only lead to confusion.
Also, some workers did not recognize the shift
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in the position of the bands of some of the bac-
terial cytochromes, as compared with those of
mammalian tissues. Thus, for example, any band
in the red region of the spectrum was sometimes
reported as cytochrome a. It is not easy to see
the fainter of the cytochrome bands with a visual
spectroscope, and some must be judged as shad-
ings on the side of other bands. Some of the dis-
agreement among the different workers must
result from this difficulty of seeing the bands
with a visual spectroscope. For example, Yama-
gutchi first reported that cytochrome a or a,
was missing from a number of bacteria; later,
using thicker suspensions (15), he was able to
see these bands.

The observations of the investigators men-
tioned above, together with those of several others
(16-22), can be summed up in the following
generalizations:

(a) Some bacteria showed absorption spectra
in the visible region of the spectrum which are
very similar to that of yeast or mammalian tis-
sues; examples of these are some strains of
Bacillus subtilis, and Sarcina lutea, Bacillus
pertussis, Bacillus fluorescens, Bacillus pyocyaneus
and some mycobacteria.!

(b) Cytochrome a often was found to be mis-
sing from bacteria and was replaced by cyto-
chrome a, (a’), with a weak band at about
590 mu or by cytochrome a: (a”), with a more
intense band around 630 mg, or by a mixture of
cytochromes a, plus a.. For example, Escherichia
colt usually were observed to contain both cyto-
chromes a; and a although sometimes one or the
other was not seen or both were claimed to be
missing. Similar observations have been re-
ported for Azotobacter chroococcum, whereas
Acetobacter pasteurianum seemed to have only
cytochrome a,. Yamagutchi (15) also described
a pigment with a band at 598 mpy, which he
called cytochrome a’, and Chin (23) found a
cytochrome a4, with a band at 612 mu in the
reduced form, in Acetobacter peroxydans, which
also seemed to contain cytochromes a; and a,.

(c) In some bacteria, the combination of cyto-
chromes b and ¢ seemed to be replaced by a
single strong band at about 560 mp, usually
referred to as cytochrome b, (or b’). Some
workers suggested that the cytochrome b; band
resulted from the fused bands of cytochromes

1The nomenclature of the bacteria is that of
the authors quoted.
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b and c. E. colt and Proteus vulgaris are examples
of bacteria which often were reported to contain
cytochrome b; although Yamagutchi (15)
thought that he saw evidence of a band of cyto-
chrome c in these two kinds of bacteria. Fujita
and Kodama (14) reported that several species
of staphylococci contained cytochrome b,.

Yamagutchi (15) commented that in all of
the bacteria examined by him, either cytochrome
b or b, was present, and in some facultative
anaerobes, cytochrome b was thought to be the
only visible cytochrome (24). It was suggested
that this hemochromogen might be the precursor
of the other cytochromes, but this suggestion
was not supported by experimental evidence.

(d) No cytochromes were seen in a number of
species of streptococci and pneumococci or in
any of the obligate anaerobic bacteria examined.
However, recently Kamen and Vernon (25)
found evidence for the presence of a cytochrome
with a spectrum similar to that of cytochrome ¢
in a strain of Chlorobtum limicola, an obligate
anaerobe and photoautotroph. They also re-
ported cytochrome oxidase and cytochrome ¢
reductase activities in extracts of these or-
ganisms. Postgate (26) found reversibly oxidiz-
able cytochromes in another strict anaerobe,
Desulfovibrio desulfuricans. The generalization
that cytochromes are absent from obligate
anaerobic bacteria no longer holds.

B. Variations tn Bacterial Cytochromes

Some of the disagreements found in the data
of the various workers on cytochrome spectra
might be explained as due to variations among
the different strains of bacteria used or to varia-
tions with different culturing conditions. Thus,
we might consider next what observations have
been made concerning variations of bacterial
cytochromes. It is well established (27, 28, 29)
that the cytochrome spectrum of yeast grown
aerobically differs from that of anaerobically
grown yeast.

Chaix and Roncoli (30) and Frei et al. (13)
described changes in the spectrum of the cyto-
chromes of B. subtilis from that of a mixture of
cytochromes a plus b, in the “resting state” to a
combination of cytochromes a, b and ¢ with
growth. The rate of change of the spectrum
seemed to vary with the strain of the bacteria
and also was influenced somewhat by growth
conditions (30). Similar variations were not
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found with E. coli by Chaix and Roncoli or by
Schaeffer (31) although Tamiya and Yamagutchi
(16) claimed that the cytochrome a band (by
which they must have meant cytochrome a, or
a,) was present if the E. coli were grown in the
presence, but not in the absence, of glucose.

Moss (32) examined a strain of E. colt that
showed an increase in the respiration rate of the
cells and a more rapid appearance of cytochrome
a2 as the oxygen tension during growth was in-
creased. He observed no correlation between
the increase in the cytochrome as; band and the
change in respiratory rate; in fact, at low oxygen
concentrations, the cytochrome a; content in-
creased more than did the Qo,. The cytochrome
b: band was not seen in anaerobically grown
cells, but an intense band appeared after growth
for 4 hours with aeration.

Schaeffer (31) tested the effect of variations
in oxygen tension during growth on the cyto-
chrome spectrum of Bacillus cereus. He also
seems to have observed quantitative variations
in the cytochromes with change in oxygen ten-
sion, rather than variations in type of cyto-
chromes. Cytochromes a, b and ¢ were seen in
aerobically grown cells, while cytochromes a and ¢
were not seen in cultures grown anaerobically, and
the cytochrome b band was decreased in intensity.
In spite of the loss in cytochrome content, the
anaerobically grown cells showed a greater rate of
oxygen uptake in the presence of glucose than did
those grown aerobically. Schaeffer (33) also ob-
served that cells grown anaerobically released a
porphyrin into the medium, and that, in 8 mutant
of B. cereus requiring streptomyecin, deprivation of
streptomycin resulted in a decrease in the cyto-
chrome content of the cells as well as a decrease
in the intracellular protohemin (34).

Lenhoff and Kaplan (35) describe an unusual
effect of oxygen tension on the cytochrome con-
tent of Pseudomonas fluorescens. They found a
decrease in a cytochrome c-like pigment when
the bacteria were grown under high oxygen
tension (aerated cells), as compared with cells
grown without aeration.

Also variations in the composition of the
medium have been shown to produce changes in
the cytochromes and in the oxidative metabolism
of bacteria. Specifically, the changes resulting
from the growth of Aerobacter indologenes in an
iron deficient medium were investigated by
Waring and Werkman (36). The spectrum of
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cytochromes a; and b, was seen in cells grown
on an adequate medium, while iron deficient
cells showed no cytochrome bands. However,
the deficient cells grown aerobically had the
same respiratory rate in the presence of glucose
as did the normal cells although the rate of oxygen
uptake of the deficient cells was decreased when
lactate, pyruvate or acetate was oxidized. Pap-
penheimer (37) found with Corynebacterium
diphtheriae that within a certain range of iron
concentration in the medium, the addition of
iron to the medium produced an increase in the
cytochrome content of the cells. Gary and Bard
(38) observed what appear to be changes in the
cytochrome system of B. subtilts grown on media
of different compositions.

Sometimes variations in bacterial cytochromes
have been observed under constant culturing
conditions. Tissiéres (39) has described differ-
ences in the cytochrome a. content of different
variants of a strain of Aerobacter aerogenes grown
under similar conditions. He was also able to
decrease the cytochrome a; in these bacteria to
very low levels by growth in an iron deficient
medium, but this decrease did not always affect
the respiration rate.

Keilin (40) found that the cytochrome a.
content of Acetobacter pasteurianum varied with
the culture medium and the age of the culture
as well as with the strain of the organism. Some-
times no cytochrome a3 was evident; cytochrome
a3 appears to be the most variable of the cyto-
chromes.

It is clear from the observations of the varia-
tions of the bacterial cytochromes that great
caution must be exercised in basing conclusions
upon changes in the cytochrome content of the
bacteria. We have even observed (41) that when
washed cells of Azotobacter chroococcum stand in
buffer overnight, the cytochrome content will
increase about twofold, as judged by the increase
in height of peaks in the absorption spectrum.

So far, these observations on bacterial cyto-
chromes, although interesting, have not given us
any information concerning the relationship of
the cytochromes to the bacterial respiratory
systems. It is difficult to explain why large de-
creases in the content of the cytochromes often
do not result in a lowered respiration rate.
Further studies of these changes, using more
sensitive techniques, might lead to a better un-
derstanding of the functioning of these pigments.



110

C. Difference Spectra

Spectroscopic observations of cytochrome
bands are subject to the limitations already dis-
cussed in Section A. Frei et al. (13), in some in-
stances, photographed the absorption spectra of
bacteria to fix more accurately the positions of
the bands; and Euler, Fink and Hellstr6m (42)
observed similarly the difference between the
oxidized and reduced forms of the pigments in
yeast, using strong H.,0. to keep the pigments
oxidized long enough to photograph them. Chaix
and Fromageot (43) attempted to make spectro-
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bacteria were aerated; then the changes in optical
density at a series of wavelengths from 380-650
myu were recorded with great sensitivity® as the
bacteria used up the oxygen in the solution and
the pigments changed from the steady-state
oxidized to the reduced form. Conditions have
been found for each organism* which insure that
their light-scattering properties remain constant
while the pigments change from the oxidized to
the reduced form; then the turbidity does not
interfere with the measurements of the difference
in optical density of the two forms. The respira-
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Figure 2. Difference spectrum of Bacillus subtilis (Smith, 41).

scopic measurements more quantitative by photo-
graphing the spectra of the pigments in the
oxidized and reduced forms after passing through
oxygen or nitrogen, then analyzing the photo-
graphs obtained by means of a microphotometer.
The only kind of bacteria they examined was a
strain of Propionbacterium pentosaceum, which
they found to contain cytochrome b, but no
cytochrome c.

It is not possible to measure the spectra of the
cytochromes in turbid suspensions of whole cells
or homogenates by spectrophotometric tech-
niques because of the great light-scattering prop-
erties of the suspensions. However, we have been
able to measure the difference spectra of the
cytochromes of intact, respiring bacteria (41),
using the sensitive spectrophotometric techniques
developed by Chance (44, 45).3 The respiring

2 As shown by Chance, the light-scattering by
the turbid suspensions does not interfere with

tion was followed simultaneously by means of a
platinum microelectrode; the reduction of the
respiratory enzymes coincides with the termina-
tion of oxidase activity as the oxygen concentra-
tion reaches zero. The optical density increments,
plotted against the wavelengths, give the differ-
ence spectra of the pigments present; figures 2
to 6 are examples of the difference spectra of
several kinds of bacteria. Figure 7 shows the
difference spectrum of yeast for comparison.
From the difference spectra, the positions of
the peaks in the visible region of the spectrum
are definitely established, and the method allows

measurements of the changes in optical density
as the pigments go from the oxidized to the re-
duced forms if the light-scattering is the same in
the two forms.

3 The optical density changes can be measured
with an error of 2 X 10~ in optical density.

4 Conditions are described in reference (41).
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Figure 8. Difference spectra of Aerobacter aerogenes and Escherichia coli. The suspension of E. coli
was diluted twice for measurements in the visible region of the spectrum and six times for measurement

in1the Soret region (Smith, 41).

extension of the observations into the violet
region (Soret region), which has not been ex-
plored previously in observations of bacterial
cytochromes.

Table 1 summarizes the data on the positions
of the cytochrome peaks from measurements of
the difference spectra. The data show that:

(a) B. subtilis and Sarcina lutea have cyto-
chrome spectra qualitatively similar to that of
yeast and mammalian tissues. The spectrum of
Staphylococcus albus [Micrococcus pyogenes var.
albus (Rosenbach) Schroeter] is similar in the
vigible region but shows no peak in the Soret
region corresponding to cytochrome as. Three
strains of S. albus examined by us showed no evi-
dence of cytochrome by, in disagreement with the
observations of Fujita and Kodama (14).

(b) The absence of cytochrome a in a number
of bacteria is established, and the small peak of
cytochrome a; in Acetobacter pasteurianum and
Azotobacter chroococcum could always be dis-
tinguished. Warburg et al. (46) could see the cyto-

chrome a, band only in strong (25-309,) suspen-
sions of Acetobacter pasteurianum, and Negelein
and Gerischer (47) did not see it at all in Azo-
tobacter chroococcum. The combination of cyto-
chromes a, plus a, is present in several bacteria
tested, and cytochrome a. was never seen in the
absence of cytochrome a;. After a number of
transfers, the azotobacter changed so that the
cytochrome a, peak was no longer visible; this
was accompanied by no change in the Soret
region of the spectrum. Apparently the cyto-
chrome a, has very little absorption in the violet
region of the spectrum. Data on the reaction of
this cytochrome with cyanide® and with carbon
monoxide (48) corroborate this finding, which
agrees with the suggestion of Lemberg and
Wyndam (49) that cytochrome a; resembles a
biliviolin hemochromogen and thus should have
no peak in the Soret region (50). Our observa-
tions also agree with the finding of Tissiéres
(39) that the loss of the cytochrome a; peak had

§$ Smith, L., unpublished data.
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Figure 4. Difference spectra of Sarcina lutea and Staphylococcus albus (Smith, 41).
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Figure 6. Difference spectrum of Acetobacter pasteurianum (Smith, 41).
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Figure 7.!Diﬁerence spectrum of baker’s yeast.

region of the spectrum and diluted 4.5 times for measurements in the Soret region (Chance, 45).

no effect on the respiration rate of these bacteria
in the presence of glucose (see table 2).

The loss of the cytochrome a; peak of the azo-
tobacter was the only qualitative change in the
bacterial cytochromes seen during our experi-
ments, where a great effort was made to main-
tain constant culturing conditions.

(c) In one species of bacterium, Acefobacter
subozydans, no evidence of cytochrome a nor of
cytochromes a; or as was obtained. This observa-
tion makes these bacteria unique among the
bacteria that contain cytochromes.

(d) In several bacteria, cytochrome b,, with
a peak at 560 my, is present. That this peak was
not due to the fused peaks of cytochromes b
plus ¢ was demonstrated in P. vulgaris by warm-
ing the bacteria at 70 C for 10 minutes, a pro-

Cells undiluted for measurements in the visible

a

cedure which will destroy cytochrome b. The
cytochrome b; peak remained unchanged after
warming.

(e) In most of the bacteria examined the Soret
peak is dominated by a peak around 430 my,
which must be that corresponding to cytochrome
b or b,. However, the supposition, mentioned
above, that cytochrome b or a similar hemo-
chromogen is always present in bacteria is not
substantiated by our work.

(f) The band at 554 mu seen in the two strains
of acetobacter seems to belong to a pigment
different from any cytochrome previously de-
scribed. It is the only cytochrome component
apparent in Acetobacter suboxydans.

(g) Almost any possible assortment of the
different cytochromes can be found in the group
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TABLE 1
Peaks in difference spectra of bacterial cytochromes
(Wavelengths in millimicrons)
VISIBLE SORET
BACTERIA
a B v

Bacillus subtilis 604 564 552 523 444 422
Staphylococcus albus 604 565 552 523 427
Sarcina lutea 605 562 552 523 444 430
Micrococcus lysodeikticus 600 552 520 440 432
Aerobacter aerogenes 628 592 560 530 435 430
Escherichia coli 630 593 560 533 437 432
Proteus vulgaris 630 595 560 533 440 430
Azotobacter chroococcum 628 590 560 552 530 4407 428
A. chroococcum after several transfers 590 552 522 427
Acetobacter pasteurianum 588 554 523 445 428
Acetobacter suboxydans 554 525 422
Pgeudomonas fluorescens 580 560 552 523 424
Streptococcus faecalis No cytochromes

Yeast 605 563 525 445 426
Heart muscle particles 605 563 525 45 426

Peaks at 628-630, 604-605 mu and at about 590 mu correspond to the « peaks of cytochrome a,, a and
a1, respectively. The 564-565 mu peak and that at 560 mu have previously been designated as the o peak
of cytochromes b and b,. The identity of the peaks at 552 and 554 myu is not established. The peaks around
520-530 mu represent the 8 bands of the cytochromes present, and those between 442-444 my, the v or

the Soret bands. Data of Smith (41).

of bacteria examined, with the exception that
cytochrome a does not occur together with cyto-
chromes a, and a., and cytochrome a, does not
occur in the absence of cytochrome a,.

(h) No obvious relationship was observed
between the cytochrome components and the
degree of aerobiosis of the cell.

(i) Streptococcus faecalts, although it can
respire, contains no cytochromes. The difference
spectrum obtained is typical of that of a flavo-
protein compound.®

Quantitative Aspects

From the difference spectra, several quantita-
tive calculations can be made, expressing the
cytochromes in terms of OD at 500 myu (turbidity)
and of rate of oxygen uptake. These ratios for
the bacteria can be compared with similar
“Figures of Merit” described by Chance (51)
for heart muscle particles and yeast, as seen in
table 2. K, gives a measure of the respiration
rate at 25 C related to turbidity (dry weight)
and with a standard curve relating optical
density to dry weight can be converted to the
conventional Qo,. The values of K, for bacteria

vary widely from 0.37 for Staphylococcus albus to
8.6 for Acetobacter suboxydans. Kj is the ratio of
the main Soret peak to the turbidity and gives
an indication of the ease of studying the bacterial
pigments with spectrophotometric methods.
Most bacteria are superior to yeast in this re-
spect, and a strain of Azotobacter vinelandii has a
K; of 30,5 which compares favorably with the
value for heart muscle particles. Calculations
based on the K; values show that the cytochrome
content of Aerobacter aerogenes and Azotobacter
chroococcum, expressed as the increase in optical
density on reduction at the main Soret peak per
mg dry weight, is ten times greater than that of
yeast.

The values of K, relate the respiratory rate to
the cytochrome content and thus give an indica-
tion of the activity of the bacterial cytochrome
systems. From the K, values, actual turnover
numbers have been calculated for the cyto-
chrome a; of B. subtilis and the cytochrome a, of
Acetobacter pasteurianum, using the values of
Ae measured by Chance (52). The data show
that many of the bacterial cytochrome systems
work with great efficiency, having high turnover
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TABLE 2
“Figures of Merit” for bacteria, yeast and heart muscle particles
K4
SUBSTRATE K Ks il
a b
Yeast alcohol 0.6 3 186 186 65
Heart muscle particles succinate | 4.0 | 80-100 80 80 29
Acetobacter pasteurianum alcohol 3.9 3 1,291 | 4,500 620
Acetobacter pasteurianum glucose 0.2 5 39
Aerobacter aerogenes lactate 2.8 18 160 218
Azotobacter chr um glucose 2.4 13 185
Azotobacter chroococcum after changing glucose 2.6 11 245
Staphylococcus albus glucose 0.4 4 89
Sarcina lutea succinate | 1.6 2 847 | 2,130
Escherichia coli succinate | 3.6 9 411 454
Micrococcus lysodeikticus lactate 1.8 2 853
Acetobacter subozydans alcohol 8.6 6 1,530
Bacillus subtilis glucose 0.7 8 82 760 76
Pseudomonas fluorescens glucose 1.7 8 209
- O; uptake (uM/sec) K. () = O; uptake (uM/sec)
! OD at 500 my ' A OD main Soret peak
A OD Soret peak O, uptake (uM/sec)
Ki= —F Ki(b) =
OD at 500 mu A OD 440 or 444 mpu

The K;, K; and K, values correspond to those described by Chance (51) for heart muscle particles.
They were calculated from measurements of oxygen uptake at 25 C (expressed as uM/sec), optical densi-
ties at 500 mu, and from the data in the difference spectra of each of the different kinds of bacteria.

The turnover numbers were calculated from the following formula:

TN = K( X 4 X Ae

using the values for Ae obtained by Chance (52).

Data are from Smith (41).

numbers. The cytochrome systems of the two
strains of acetobacter are particularly active.

The spectrophotometric studies of bacteria
have given us information about the distribution
of the different kinds of cytochromes and about
some quantitative aspects of their activities in
the bacterial respiratory systems. We know that
the cytochrome components of most bacteria
are different from those of mammalian tissues,
and that the bacterial systems can show high
rates of turnover. This kind of investigation,
however, does not tell us anything about the
functions of the individual pigments.

III. FUNCTIONS OF THE BACTERIAL CYTOCHROME
SYSTEMS
A. Ozidase Activity

The work of Keilin and Hartree (53)
established some of the properties of the oxidase

of heart muscle, which they showed to be cyto-
chrome ¢ oxidase, the enzyme which catalyzes
the oxidation of cytochrome ¢ by oxygen. The
cytochrome oxidase—cytochrome ¢ system can
oxidize a number of substances, among them the
“Nadi” reagent (dimethyl p-phenylenediamine
plus a-naphthol), p-phenylenediamine and hydro-
quinone, and the oxidase activity is inhibited in
the same manner as is cellular respiration by
cyanide, azide, sulfide and carbon monoxide, the
inhibition by the latter being reversed by light.
The enzyme is attached to insoluble cellular
particles and has resisted purification; thus, it
has been studied as part of the complex of en-
gymes attached to the particles.

These same reactions described for the heart
muscle cytochrome oxidase-cytochrome ¢ system
have been investigated in bacteria and bacterial
extracts. The ability of some, but not all, bacteria
to oxidize the “Nadi” reagent has been observed,
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and bacterial extracts show variable abilities to
oxidize p-phenylenediamine and hydroquinone
(13, 54, 55, 56). However, the increased oxygen
uptake observed on addition of p-phenylenedi-
amine or hydroquinone to several kinds of
bacteria was not inhibited by carbon monoxide
(55). Unfortunately, the “Nadi” reaction is not
specific for the cytochrome c¢ oxidase system
(57, 58), and p-phenylenediamine and hydro-
quinone can be oxidized also by peroxidases.
Thus, the oxidation of these substances cannot
be taken as conclusive evidence for the presence
of cytochrome c oxidase.

Many observations have been made also on
the effect of cyanide, sulfide, azide and carbon
monoxide on the respiratory activities of bacteria
(14, 59, 60). In some bacteria all of these sub-
stances have been observed to inhibit respira-
tion, and Fujita and Kodama (14) found that
with some bacteria the partition coefficient with
carbon monoxide and oxygen is similar to that
of yeast. On the other hand, the inhibition of
respiration by carbon monoxide in a number of
organisms is only slightly or not at all reversed
by light. In other bacteria, not all of these in-
hibitors are effective. Again it should be pointed
out that these reagents are not specific for cyto-
chrome c¢ oxidase since some will react with other
heavy metal enzymes. Also care must be taken
in interpreting results obtained with these in-
hibitors. For example, cyanide is bound readily
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by acids such as pyruvic or oxalacetic, and the
inhibition of enzymes like cytochrome oxidase by
azide is dependent upon pH.

In a number of instances, observations on the
effects of inhibitors on the respiration of bacteria
seem to indicate that the cytochrome ¢ oxidase
system could not be present. In those bacteria,
such as E. coli, where the carbon monoxide in-
hibition of respiration is not light sensitive, or in
bacteria in which the respiration is not inhibited
by cyanide or sulfide, the presence of a different
enzyme than cytochrome ¢ oxidase is indicated.
For example, Chaix and Fromageot (61) found
that the rather small respiration of P. pentosaceum
in the presence of glucose was not inhibited by
10-% to 10— M H.S or by 95% C0-5% O.. Also,
they claim that the oxidation and reduction of
the endogenous cytochromes were not inhibited
by any concentration of cyanide or HsS although
there was a 45% inhibition of the respiration by
cyanide. Chaix and Kuin (62) observed in addi-
tion that H,S did not inhibit the oxidation of the
cytochromes of B. subtilis by air. Thus, they
concluded that a different kind of oxidase was
present in these bacteria. On the other hand,
Gerard (63) found that the respiration of a strain
of 8. lutea was not inhibited by cyanide, but that
in the presence of cyanide the cytochromes re-
mained in the reduced state. We could not repeat
his observations with the strain of S. lufea in-
vestigated in our laboratory. Spectroscopic ob-

TABLE 3

Cytochrome c ozidase activity of heart muscle particles, yeast and bacterial extracts, expressed on the basis
of the increase in optical density at 606 mu on reduction (67)

CYTOCHROME OXIDASE
BACTERIA ACTIVITY 1ST ORDER A OPTICAL DENSITY CYTOCHROME OXIDASI/
VELOCITY k (SEC™?) 605-580* my X DIL. OPTICAL DENSITY
X piw..

Heart muscle particles 60 0.23 262
Yeast extract 10 0.033 303
Bactllus subtilis 0.048 0.023 2
Staphylococcus albus 0.046 0.005 9
Sarcina lutea 0.002 0.005 0.4
Azotobacter chroococcum essentially 0

Escherichia coli essentially 0

Aerobacter aerogenes essentially 0

Acetobacter pasteurianum essentially 0

Micrococcus lysoderkticus essentially 0

The results recorded above for bacteria were obtained with extracts prepared in the sonic vibrator.

* This value represents the difference between the peak in the difference spectrum at 605 mu and the
trough at 580 mg, and is thus a measure of the content of ¢ytochrome a in the different preparations. The
cytochrome oxidase activity is related to the content of cytochrome a in each case.
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servations of the reactions of the cytochromes
with cyanide and carbon monoxide will be
discussed in the following section.

™The direct test for cytochrome c oxidase ac-
tivity is the observation of the rapid oxidation
of reduced added cytochrome c, provided that
cytochrome ¢ peroxidase activity is absent.
Yamagutchi (55) claimed that he observed the
oxidation of reduced cytochrome ¢ by an extract
of B. pyocyaneus, but he does not state the time
required for the oxidation. Recently, Vernon and
Kamen (64) have reported the oxidation of re-
duced cytochrome ¢ by broken cell suspensions
of Rhodospirillum rubrum, but the reaction
seems to be a very slow one. They describe in
addition a photochemical oxidation of cyto-
chrome ¢ by extracts of these organisms.

Keilin and Harpley (65) tested for cytochrome
¢ oxidase activity in crushed cells of E. cold
commune and found that reduced cytochrome
¢ was not oxidized by the preparation. The re-
actions with oxygen seemed to take place only
through the cytochrome system of the organisms.
As early as 1933 (66), Keilin had suggested that
E. coli has a different type of oxidase from that of
yeast or heart muscle.

‘We have extended the work of Keilin and Harp-
ley by testing the ability of broken cell suspen-
sions of eight different kinds of bacteria to
oxidize reduced cytochrome ¢ (67). Table 3
shows that no significant cytochrome c oxidase
activity was observed in any of the bacteria
tested, even in B. subtilis, which has a pigment
with the spectral characteristics of a cytochrome
of type a; (Section III, C). The oxidases of these
bacteria are different from that of heart muscle
and yeast. Some developments which have
finally led to a better understanding of the
cellular oxidases will be discussed in Section
111, C.

B. Reactions with Ozxygen and with the
Reducing Systems

Investigations of the time sequence of reaction
of the cytochromes could give some information
about the order of reaction of these pigments.
Actually, it is very difficult to judge time differ-
ences in the appearances and disappearances of
the cytochrome bands using a visual spectro-
scope since the bands are not of equal intensities.

Yamagutchi (15) reported that after shaking
with air, then allowing some bacteria to become
anaerobie, the cytochrome ¢ plus a (or a,) spec-
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tral bands appeared first and reached their
maximum intensities rapidly, then the band of
reduced cytochrome b appeared and developed
its maximum intensity slowly. He also claimed
that if cyanide (10~ M) was added to the bac-
terial suspensions, the cytochrome ¢ band was
seen to appear immediately, then the reduced
cytochrome b band appeared later. Yamagutchi’s
results unfortunately are confusing since he
did not state which of the different bacteria he
was observing, and not all of the bacteria he
reported to contain cytochrome ¢ have this
pigment. He warmed some S. lutea for 60 minutes
at 52 C to decrease the dehydrogenase activity,
then added varying concentrations of cyanide;
this treatment emphasized the time differences
in reduction and oxidation of cytochromes a and
¢ as compared with cytochrome b. These observa-
tions make it appear as if cytochromes a and ¢
might participate in a different sequence of re-
actions from cytochrome b.

Tissitres (39) observed respiring cells of
Aerobacter aerogenes with a spectroscope at low
temperatures, so that the reaction rates were
slowed down, in an attempt to determine the
sequence of oxidation and reduction of the differ-
ent cytochromes. These bacteria showed a faint
band of cytochrome a; and strong bands of cyto-
chromes a: and b,. He concluded that as the
oxygen tension reached zero, cytochrome a,
seemed to be reduced after cytochrome b;,
which he believed meant that cytochrome a; is
the cytochrome nearer to oxygen in the chain of
reactions. However, Chance (48) has shown
that the pigment which reacts with oxygen should
be the first to be reduced as the oxygen concen-
tration goes to zero since it is the only component
directly responsive to oxygen tension. Chance,
using a rapidly recording spectrophotometer,
found that cytochrome b, is reduced more
slowly than cytochrome a; as the oxygen tension
reaches zero, in contrast to the result of Tissiéres,
but in agreement with his conclusion that cyto-
chrome a; is nearer to the oxidase component
than is cytochrome b,. Still, the great variability
of cytochrome a; in cells must be remembered,
as well as the lack of correlation between the
cytochrome a; content and the respiratory ac-
tivity of the bacteria. Also, Tissiéres (68) pre-
pared cell-free extracts of Aerobacter aerogenes
which could oxidize succinate, glucose and
pyruvate, and an active succinic oxidase system
was prepared by ammonium sulfate fractiona-
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tion. All the active fractions contained cyto-
chromes a, and by, but cytochrome a; apparently
was lost during the preparation. This sort of
observation argues against postulating that cyto-
chrome a, acts as the respiratory enzyme of these
bacteria.

C. Reactions of Bactertal Cytochromes a, a;, a2
and as

Keilin and Hartree (3) had observed that
. cytochromes a, b and ¢ of heart muscle do not
react with cyanide or carbon monoxide and they
were not rapidly autooxidizable. Thus, none of
these cytochromes would be the oxidase of these
cells. When they examined these reactions of the
cytochromes of heart muscle suspensions in the
Soret region of the spectrum, they were able to
distinguish cytochrome as;, the bands of which
are superimposed upon those of cytochrome a.
As discussed previously, cytochrome a; is re-
sponsible for the main part of the Soret peak of
the cytochrome a plus a; combination; and,
in contrast to cytochrome a, cytochrome as
reacts with cyanide and carbon monoxide and is
autooxidizable. Since the main part of the
visible band of cytochromes a plus as is due to
cytochrome a, the reactions of cytochrome a,
with cyanide and carbon monoxide do not show
up well in the visible region of the spectrum.
Before the reactions of cytochrome a; were
established, a number of investigations had been
made on the reactions of bacterial cytochromes
with carbon monoxide and cyanide; some of
these reactions can be observed in the visible
region of the spectrum. Studies of the reactions
with carbon monoxide have been important in
the development of our knowledge of these
enzymes. ,
Any enzyme with which carbon monoxide
reacts in competition with oxygen would be a
cellular oxidase. The competitive inhibition of
some respiratory enzymes by CO is reversed by
light, and it was this property that was used (4)
to measure the photochemical action spectrum
of the respiratory enzymes of Torula ufilis and
Acetobacter pasteurtanum. It was concluded that
the carbon monoxide spectrum of the respiratory
enzyme in the two organisms is the same, with
absorption peaks at 590, 540 and 430 mu. Until
recently, photochemical action spectra have been
obtained for only a few other types of cells:
baker’s yeast, heart muscle suspension and
chick embryo, all of which seemed to have the
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visible peak at 590 mpy, but there is some dis-
agreement about the Soret peaks. In our labora-
tory, Castor and Chance® have devised a simpler
method for determining the action spectra,
using more wavelengths of light. They found
that the action spectra of the enzymes of baker’s
yeast, heart muscle and B. subtilis all have Soret
peaks at 431 mu.

When Warburg et al. (46) were able to see the
a-band of cytochrome a, in strong suspensions
of Acetobacter pasteurianum and observed that
the band seemed to shift to about 593 mu in the
presence of carbon monoxide, they concluded that
they had made a direct observation of the ab-
sorption bands of the respiratory enzyme. They
also saw that under aerobic conditions in the
presence of cyanide, this band seemed to disap-
pear and to be replaced by a band in the red
at 639 mpy; thus, the pigment appeared to be
autooxidizable, an observation in agreement
with their conclusion that they were observing
the respiratory enzyme. They were unable to see
a similar band in yeast, but believed that it
might be obscured by the band of cytochrome a.
They finally suggested that the bands at 589 and
639 mu might belong to two different hemin
enzymes, rather than to the oxidized and re-
duced forms of the respiratory enzyme since,
under some conditions, both bands were seen
together.

In Azotobacter chroococcum, Negelein and
Gerischer (47) saw the absorption band of
cytochrome a; but not that of a,. They concluded
that in these bacteria carbon monoxide and
cyanide and oxygen all react with cytochrome
a2, which they apparently designated as the
respiratory enzyme of these cells.

Other observations made on the reactions of
bacterial cytochromes a, and a. are not in agree-
ment with those of the Warburg group. As men-
tioned above, Keilin (40) found Acetobacter
pasteurtanum to be a “polymorphic” organism,
and the effect of carbon monoxide on the band
at 595 mu was variable. Also he observed no
change in the cytochrome a; band of Azoto-
bacter chroococcum in the presence of carbon
monoxide, while Fujita and Kodama (14)
thought that the cytochrome a, of this organism
reacted with carbon monoxide, but that it was
not autooxidizable. The bands of cytochrome

$ Castor, L. N., and Chance, B., unpublished
observations.
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a; seen in E. colt and P. vulgaris also do not
change in the presence of carbon monoxide
(14, 17). Most of the observations of the above
workers agree that cytochrome a, in the different
bacteria reacts to give a spectral change in the
presence of carbon monoxide or cyanide, but
Yamagutchi (15) could see no reaction of the
cytochrome a; in a number of bacteria, including
Proteus mirabilis, with cyanide. Also Tissiéres
(39) observed that in the beginning of his work
with Aerobacter aerogenes, the cytochrome as
reacted with cyanide, but after working with the
culture for several months the bacteria changed
8o that cyanide no longer affected the cytochrome
a2 band but still strongly inhibited respiration.
Chin (23) reported that the cytochromes a,,
as and a, of Acetobacter peroxydans could all
react with cyanide and carbon monoxide as
shown by spectral changes on addition of these
substances. .

Obviously a lot of work has been done on the
reactions of cytochromes a, and a, with respira-
tory inhibitors like cyanide and carbon monoxide,
on the assumption that such observations might
reveal pertinent information about the nature of
the cellular oxidases. The variable effects ob-
served for the reactions of cytochrome a;, with
these inhibitors and the variability of cytochrome
as, together with the lack of correlation between
the cytochrome a; content and the respiration of
the bacteria, have left the subject of the function
of these cytochromes as respiratory enzymes in
confusion.

The observations of Keilin and Hartree (3)
on the reactions of heart muscle cytochrome a,
with substances such as carbon monoxide and
cyanide indicated that this was the respiratory
enzyme of these cells, and they demonstrated
similar reactions in yeast and B. subtilis (69).
However, they were not able to show the dis-
sociation of the cytochrome a;-carbon monoxide
compound by light. Keilin suggested that cyto-
chromes a and a, were invariably associated
(65) and that in those bacteria which contained
cytochrome a, cytochrome a; was the oxidase.
In bacteria devoid of cytochrome a (and thus
presumably of cytochrome as) which showed
strong inhibition of respiration by cyanide and
light sensitive inhibition of respiration by CO,
he suggested that one of the other cytochromes
might have the function of cytochrome a,, or
that the true oxidase might be an entirely differ-
ent enzyme. Only recently, the work of Chance
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has served to resolve some of the problems in the
relationships between Warburg’s respiratory
enzyme, Keilin’s cytochrome a; and cytochrome
¢ oxidase, as well as cytochromes a, and a..

Chance (48) devised a method for directly re-
cording, by means of a sensitive spectrophotom-
eter, the carbon monoxide difference spectra
(difference between the spectrum of the carbon
monoxide compound and the reduced pigment)
of the cytochromes in whole cells or cellular
extracts. By an ingenious method (5), he also
measured the photodissociation spectra of the
carbon monoxide compounds of the oxidases of
heart muscle particles, baker’s yeast, B. subiilis,
Acetobacter pasteurianum and S. albus with
great accuracy. These are illustrated in figures
8 and 9. The spectra obtained by the two methods
were in agreement and led to the following in-
teresting conclusions:

(a) The Soret peak of the carbon monoxide
compound of cytochrome a; in baker’s yeast and
heart muscle is at 430 mpu; this agrees with
the observations of Keilin and with the action
spectrum for Torula utilis, as determined by
Warburg (4) and for baker’s yeast, measured
by Castor and Chance.® Thus, the cytochrome
a; of yeast and heart muscle is identified un-
equivocally on a spectroscopic basis with cyto-
chrome ¢ oxidase and the respiratory enzyme.
Both yeast and heart muscle show strong cyto-
chrome ¢ oxidase activity.

(b) In B. subtilis, a carbon monoxide com-
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Figure 8. Photodissociation difference spectra
of heart muscle particles (curve A) and baker’s
yeast (curve B).

The difference spectra were obtained by il-
luminating the carbon monoxide compounds with
red light (Chance, 5).
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Figure 9. Photodissociation spectra of Bacillus
subtilis (curve A), Acetobacter pasteurianum
(curve B), and |Staphylococcus Albus (curve C)
(Chance, 5).
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Figure 10. Carbon monoxide difference spectra
of Proteus vulgaris (curve A) and Aerobacter aero-
genes (curve B).

The curves represent the difference between
the spectra of the carbon monoxide compounds
of the cytochromes present and the reduced
cytochromes (Chance, 48).

pound of type a; was also observed; that is, the
peaks in the spectrum of the carbon monoxide
compound are at the same wavelengths as that
of yeast and heart muscle. However, the ratio of
the Soret peak to the visible peak of the B.
subtilis enzyme is different from that of the other
two. As has been mentioned, the B. subtilis
enzyme cannot catalyze the oxidation of reduced
cytochrome ¢, so it is different in activity also.
Also Chaix and Kuin found that the oxidase of
B. subtilis is not inhibited by H,S (62).

(c) In Acetobacter pasteurianum, the peak of
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the Soret spectrum of the carbon monoxide
compound is displaced from that of the cyto-
chrome as;-carbon monoxide compound by
several mu (see figure 9); thus, the respiratory
enzyme of Acetobacter pasteurianum differs from
that in heart muscle and yeast although the
method of Warburg and co-workers did not detect
this difference. Chance has defined this respira-
tory enzyme as cytochrome a,; the peaks of its
carbon monoxide compound are at 590, 540 and
427 mp.

(d) A new type of respiratory enzyme was ob-
served in S. albus; the Soret peak of its carbon
monoxide compound is at 416 mu. The nature of
this compound will be discussed in the following
section.

(e) The Soret spectra of the carbon monoxide
compounds of the other bacteria investigated
seemed to be those of mixtures of compounds.
P. vulgaris, for example, seems to contain both
cytochrome a; and the new type of enzyme ob-
served in S. albus. Aerobacter aerogenes, E. cols
and Azotobacter chroococcum contain a more
complicated mixture in which the components
are not readily resolved but are believed to be a
combination of cytochromes a; and a and the
new respiratory enzyme (see figure 10). In these
bacteria containing cytochrome as, a larger
change in the visible region of the spectrum on
addition of carbon monoxide is observed than in
the Soret region. This is very different from the
relationship in bacteria which contain only cyto-
chrome a; or a3 or the pigment of S. albus.

From the direct measurement of the kinetics
of photodissociation of the carbon monoxide
compounds of the oxidases of yeast, heart muscle,
B. subtilis, Acetobacter pasteurianum and Achro-
mobacter fischeri, Chance (52) was able to calcu-
late the molecular extinction coefficients of these
pigments (see tables 4 and 5). The values will be
useful in further investigations of these enzymes.

The work of Chance has made it clear that the
respiratory enzymes or cytochrome oxidases
comprise a family of enzymes that may have a
common enzymatic function but still differ con-
siderably in their chemical natures and modes of
action. This is not surprising since such varia-
tions occur in other hemoproteins, such as the
hemoglobins or the catalases. The substrate of
the oxidase in yeast and heart muscle is cyto-
chrome ¢, and the enzyme should be referred to
as cytochrome c oxidase. The substrates of the
other oxidases are as yet unknown.
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TABLE 4

Molecular extinction coefficients of v- and «-bands of the carbon monozide compounds of yeast, heart muscle
and several bacteria

CYTOCHROME as CYTOCHROME 2; NEW mrou
Heart muscle Yeast Bacillus subtilis Rttt Ackromabacter
a 11.4 12 12 12 5
(589 my) (589 mu) (589 my) (589 my) (546 myu)
¥ 110* 115 81
(430 my) (430 my) (430 my)

* Assuming that the relationship of the v- to the a-band in the action spectrum is the same as thatin

yeast.

TABLE 5
Aec values for the difference between the reduced and oxidized forms of cytochromes a, and as

CYTOCHROME a3

CYTOCHROME 81

Ae OXIDIZED MINUS REDUCED

Heart muscle
Yeast
Bacillus subtilis

Acetobacter pasteurianum

91 cm™'mM™! at 444 mu
87 cm~!mMm! at 444 myu
25 ecm™Imm! at 444 mu
120 cm™!mM! at 427 mu

In tables 4 and 5 the values for heart muscle, yeast, and Bactllus subtilis are taken or calculated from
the data of Chance (52). That for Achromobacter fischeri is unpublished data of Chance.

We can now sum up the established facts
concerning bacterial cytochromes a, a,, a2 and a;.

(a) A cytochrome of type as so far has only
been demonstrated definitely in B. subtilis, and
this enzyme has a different substrate from the
cytochrome a; of yeast and heart muscle. That
is, the enzyme in B. subtilis is not cytochrome
¢ oxidase.

(b) Cytochrome a occurs in some bacteria,
even in one which does not contain cytochrome
as. This will be discussed in the following section.

(¢) The respiratory enzyme of Acefobacter
pasteurianum has been defined as cytochrome
a;. This cytochrome or one with similar spectral
properties also occurs in a number of other
bacteria as part of a mixture of cytochromes
that react with carbon monoxide. It seems likely
that all pigments with a-bands at about 590
myu are not identical with the enzyme of Acefo-
bacter pasteurianum. Although E. colt, P. vulgaris
and Azotobacter chroococcum show bands at this
wavelength, the carbon monoxide inhibition of
the respiration of these bacteria is only very
slightly reversed by light.® Also, the data on the
difference spectra (41) show that the relationship

of the height of the Soret peak at 440 mu to
the visible peak at 590 mu is different in a
number of organisms that all show visible peaks
at about 590 mu.

The spectra of cytochromes a, and a; differ in
the following respects: the a-band of cytochrome
a3 is around 605 mu, whereas that of cytochrome
a; seems to be at 590 mu. The a-bands of the
carbon monoxide compounds of both are at about
590 mp; the y-band of the cytochrome a;-CO
compound is at 427 mpu, while that of cyto-
chrome a; is at 430 mu. Thus, a very sensitive
method is required to distinguish the two carbon
monoxide compounds.

Tamiya and Tanaka (70) found that the rate
of production of acetic acid by Acetobacter pas-
teurianum was unaffected by the oxygen con-
centration down to 2-3%. Thus, cytochrome a,,
like cytochrome as, has a high affinity for oxygen.

(d) Although cytochrome a: usually reacts
with cyanide, carbon monoxide and oxygen, the
bulk of evidence seems to argue against con-
cluding that cytochrome a, is a bacterial cyto-
chrome oxidase. The spectral characteristics of
cytochrome a. are very different from those of
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the other cytochromes. In the visible region it
has a band in the oxidized form at about 647
mu (47), and it seems to have little or no ab-
sorption in the Soret region. The suggestion,
already discussed, that cytochrome a, has the
properties of a biliviolin hemochromogen might
explain the lability of this cytochrome; in such
a structure, the iron is rather easily split off.
On the other hand, there is some evidence that
the cytochrome a, of C. diphtheriae (71) and of
E. coli (72) has a heme nucleus similar to that of
heart muscle cytochromes a and as, which is of
the spirographis hemin type (73).

D. The New Type of Respiratory Enzyme

As discussed above, the pigment of S. albus
which reacts with carbon monoxide gives a com-
pound with a very different spectrum from the
carbon monoxide compounds of cytochromes
a; and as. The latter are similar to those of
hemoproteins containing spirographis heme. The
pigment of S. albus, on the other hand, has a
prosthetic group more closely resembling pro-
tohemin. A critical and significant experiment
concerning this cytochrome was done by Castor
and Chance (74), who showed that it is the
respiratory enzyme of these bacteria. The carbon
monoxide action spectrum of S. albus was meas-
ured, and it was found to be the same as the
photochemical dissociation spectrum and the
carbon monoxide difference spectrum, with peaks
at 567, 535 and 418 mu. A trough is observed in
the carbon monoxide difference spectrum at
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430 myp, indicating that the Soret peak of the
reduced compound is in this region.

E. Relationship Between Cytochromes a and as

B. subtilis, which contains both cytochromes
a and a; but in a different ratio from that in
yeast, and S. albus, which has cytochrome a
but no a;, have proved to be good experimental
material for the investigation of the relationship
between these two cytochromes (75). The combi-
nation of cytochromes a and a; in heart muscle
has resisted separation by physical means. We
have made observations in the visible and Soret
regions of the spectrum on the reactions of the
pigments in these two kinds of bacteria with
cyanide and carbon monoxide, using the sensitive
spectrophotometric method designed by Chance
(48). '

Figure 11 illustrates the difference spectrum
of the carbon monoxide compounds of the B.
subtilis pigments. It can be seen that reduced
pigments with peaks at 605 mu and 445 mp
disappear (troughs in the difference spectrum) to
form a carbon monoxide compound with peaks
at 590, 540 and 430 mu. These peaks are those
corresponding to a cytochrome of type as, and
the reduced cytochrome a; had peaks at 605 and
445 mu. As has been mentioned, the ratio of the
Soret to visible peaks of the carbon monoxide
compound of B. subtilis was found by Chance
(5) to be twice that of the compound in yeast.

However, the addition of carbon monoxide to
anaerobic S. albus resulted in no change in
spectrum in the region around 605 mpu (see figure
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Figure 11. Difference spectrum of Bacillus subtilis (reduced-minus-oxidized) and carbon monoxide
difference spectrum (carbon monoxide compound-minus-reduced).®
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Figure 12. Difference spectrum of Staphylococcus albus (reduced-minus-oxidized) and carbon monoxide
difference spectrum (carbon monoxide compound-minus-reduced).®

12), and the only compound formed was that of
the respiratory enzyme described in Section
III, D.

In the presence of cyanide there seemed to be
a shift in the cytochrome a peak of S. albus,
but it was found that the spectral changes follow-
ing the addition of cyanide were due to its
reaction with the catalase present in the bacteria
and not to its reaction with the cytochrome a.
In B. subtilis a similar reaction occurs between
catalase and cyanide, and in addition, a trough
in the difference spectrum at 445 my is observed,
indicating that the cytochrome a; present had
reacted also with cyanide.

These results with the bacterial pigments show
that cytochrome a can exist separately from cyto-
chrome a3, and that the presence of a cytochrome
a band cannot be taken as evidence for cyto-
chrome a; in the cells. Our data disagree with
the postulates that cytochromes a and a; are
in reality one compound (76) or that a combina-
tion of three cytochrome a groups plus one cyto-
chrome a; composes the system which reacts
with oxygen in the cells (77). The data on the
investigation of cytochrome a in the absence of
cytochrome a; agree with the conclusion of Keilin
that the former does not react with either carbon
monoxide or cyanide.

All of the work on the reactions of the cyto-
chrome systems emphasizes the importance of
the formation of the carbon monoxide compound
in establishing the identity of a given oxidase.
Observations of spectral changes following the

addition of cyanide may give misleading results
because of the presence of catalase or peroxidase,
which also react with cyanide. Catalase and
peroxidase are not reduced by the reducing
systems of the cells; thus, they do not react with
carbon monoxide under physiological conditions
since carbon monoxide reacts only with the
reduced form of these enzymes.

F. Cytochromes b and b,

The data from measurements of the difference
spectra (table 1) show that some bacteria have
peaks in the absorption spectra corresponding
to what seem to be cytochromes b (564 mu) and
¢ (551 my); in other bacteria this pair is re-
placed by cytochrome b, (560 my). The combi-
nation of peaks at 552 and 560 mu can also
occur.

We found that the cytochrome b, peak of
P. vulgaris is not due to the fused peaks of cyto-
chromes b and ¢ (see Section II, C). And Keilin
(65), by observing the spectra at the temperature
of liquid air, found that the cytochrome b, of
E. coli was not a mixture of cytochromes b plus
c. However, what appeared to be cytochrome
b, in B. subtilis was actually a mixture of cyto-
chromes b, ¢ and e. Tissiéres (39) thought that
the band of cytochrome b, in Aerobacter aerogenes
seemed asymmetrical, with a reinforcement on
the short wavelength side.

Pappenheimer made a study of what he called
cytochrome b of Corynebacterium dtphtheriae,
which, from its spectral characteristics, seems
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to be cytochrome b;. Coulter and Stone (78)
had demonstrated a relationship between toxin
production by these bacteria and the excretion
of a porphyrin into the medium. Then Pappen-
heimer and Hendee (37) showed that the rela-
tionship can depend upon the iron content of
the medium, which also influences the content
of cytochrome b, in the cells. The interesting
hypothesis suggested, that diphtheria toxin might
be the protein moiety of cytochrome b (79), has
not been proven. Rawlinson and Hale (71)
showed that the pyridine hemochromogen of the
cytochrome b; of C. diphtheriae was identical
with pyridine protoporphyrin IX; thus, it has
the same prosthetic group as mammalian cyto-
chrome b. However, the prophyrin excreted by
C. diphtheriae into the medium is coproporphy-
rin IIT (80). This latter porphyrin is excreted by
other bacteria (33), and it is present in some
mycobacteria in such concentration that its
spectral absorption bands can be seen (81).
Pappenheimer and Hendee (37) found that as
the cytochrome b; content of the diphtheria
bacteria increased, the succinoxidase activity of
broken cell suspensions of the bacteria increased,
and heat treatment or differential centrifugation
resulted in no separation of the cytochrome b,
and the succinoxidase activity. Comparison of
the bacterial system with the heart muscle
succinoxidase system showed that the two were
different in a number of respects (82). The bac-
terial succinoxidase system was almost insensi-
tive to 25 X 10~ M cyanide and to some
naphthoquinones, which are strongly inhibitory
to the heart muscle system. Also the two systems
showed different sensitivities to heat and pH.
The bacterial cytochrome by, which they sepa-
rated from the cells, had a different absorption
spectrum from heart muscle cytochrome b, was
more autooxidizable than the heart muscle
enzyme, and could not replace the succinic
dehydrogenase of heart muscle extract.
Although the cytochrome b, content of the
extracts of C. diphtheriae seemed to parallel the
succinic dehydrogenase activity, it cannot be
considered proven that cytochrome b, is suc-
cinic dehydrogenase. In heart muscle, there is
abundant evidence that cytochrome b is not
identical with succinic dehydrogenase (83), and
the kinetic data of Chance (45) throw doubt upon
the participation of cytochrome b in the main
pathway of electron transfer from succinate to
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oxygen by the heart muscle succinoxidase
system.

Other suggestions have been made that iron
enzymes or other heavy metal catalysts may be
involved at the dehydrogenase level in bacteria.
In Aerobacter aerogenes grown in a metal-deficient
medium, the decreased rate of oxygen uptake
when succinate or lactate was oxidized could be
correlated with a decrease in succinic dehydro-
genase or lactic dehydrogenase activities (39).
The rate of oxygen uptake in the presence of
glucose was unchanged, and so was the rate of
reduction of methylene blue on addition of
glucose. Our own experiments with Aerobacter
aerogenes showed that the rate of reduction of
the cytochromes in the presence of succinate
was markedly decreased in the presence of carbon
monoxide. These observations are reminiscent
of the finding of Gilder and Granick (84) that a
strain of Hemophilus influenzae required heme
for anaerobic as well as for aerobic growth. Also,
Bach et al. (85) having purified cytochrome bs
from yeast, found that it seemed to be related
to the activity of the yeast lactic dehydrogenase.

Two other reactions of cytochrome b, have
been postulated. The first is that this cytochrome
is related to the “nitrate reductase” activity of
bacteria. The work of Granick and Gilder (86)
and of Quastel (87) had indicated that an iron-
porphyrin enzyme is involved in this activity.
Then Sato and Egami (88) observed that the
intensity of the nitrate reductase activity in
crude preparations from E. coli roughly paralleled
the strength of the cytochrome b, band (which
they refer to as ‘“bacterial cytochrome b”).
Also, if the cytochrome b, of the preparation
was reduced by the formic dehydrogenase system,
cytochrome b, was partially oxidized by the
addition of nitrate. Their work shows only that
cytochrome b; can react somewhere in the
pathway of electron transport to the nitrate
reductase system. Joklik (89) has made further
purification of the enzyme but did not report
any relationship to cytochrome b;.

Eddy et al. (90) postulated that the reduction
of dehydroascorbic acid by certain bacteria,
notably staphylococei and coliforms, might be
related to cytochrome b,. Our difference spectra
showed, however, no evidence of cytochrome
b, in three strains of staphylococei.

Altogether, there is no definite evidence con-
cerning the roles of cytochromes b or b; in
bacteria. In yeast, at least part of the band cor-
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responding to what has been known as cyto-
chrome b can be attributed to the H:Os-complex
of the peroxidase present (91). Similar experi-
ments have not been made with bacteria.

Egami et al. (92) extracted and partially
purified a soluble cytochrome from some halo-
tolerant bacteria. The reduced pigment showed
peaks in the absorption spectrum at 554, 521
and 415 mu. Although they concluded that the
hemin part of the pigment is different from that
of either cytochrome b or cytochrome ¢, they
have called the pigment cytochrome b, The
physiological activities of the pigment were not
investigated.

G. Cytochrome ¢

Many workers have concluded that cyto-
chrome ¢ was present in the bacteria they ex-
amined spectroscopically although there is dis-
agreement among the various reports (13, 14,
15, 56). The difference spectra of a number of
bacteria possess a peak at 552 mu. However, the
presence of an absorption peak at about 550 mpu
is only presumptive evidence for the presence of
cytochrome c; the isolation and identification of
the pigment from the cells are necessary to
establish its presence there. Since most bacterial
oxidases will not oxidize mammalian cytochrome
¢ at an appreciable rate, and the cytochrome
with a peak at about 550 my in bacteria can be
seen to be oxidized rapidly in the intact cells, it
seems unlikely that the pigment observed is
identical with mammalian cytochrome c.

In E. coli commune, Keilin and Harpley (65)
demonstrated that cytochrome ¢ was not present,
and Pappenheimer (93) could find no evidence
for it in cells of Corynebacterium diphtheriae.
Militzer et al. (94) saw spectral bands correspond-
ing to what they thought was reduced cytochrome
¢ in a strain of thermophilic bacteria, but at-
tempts to isolate it from the cells led to the
conclusion that the pigment was different from
cytochrome c. The substance they obtained was
rather insoluble, was not removed from the par-
ticles by precipitation with acid, and could not
be extracted with trichloracetic acid. Also the
pigment isolated was not active in the beef heart
cytochrome oxidase system.

Now it has been shown that several pigments
exist with absorption spectra similar to that of
heart muscle cytochrome ¢, but which differ
from it in a number of other properties. Neilands
(95) isolated a pigment from the smut fungus
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Ustilago sphaerogena that has an absorption
spectrum identical with that of heart muscle
cytochrome ¢, but the protein part differed.
There seems to be a group of compounds with
the same prosthetic group as cytochrome ¢, but
with different protein moieties. Tint and Reiss
(96) even found differences in the isoelectric
points of cytochrome ¢ from the heart muscle of
different animal species. The cytochrome ¢ from
the ustilago was reported to be active in the rat
liver succinic oxidase system.

Pigments with spectra similar to that of cyto-
chrome c have been isolated from Rhodospirillum
rubrum by Vernon (97), from Pseudomonas
Sfluorescens by Lenhoff and Kaplan (35), and
from Azotobacter vinelandit by Wilson and
Wilson,” all of which are reported to be enzy-
matically different from heart muscle cytochrome
c. Elsden, Kamen and Vernon (97a) found that
the rhodospirillum pigment which is a soluble
cytochrome is not oxidized by mammalian cyto-
chrome oxidase and suggest the name cytochrome
cs for it. The cytochrome from the pseudomonad
was not reduced by TPN-cytochrome ¢ reductase
of liver but was oxidized on addition of an
extract of the bacteria, while mammalian cyto-
chrome ¢ was not. The only other cytochromes
that have been isolated from bacteria are that
from the halotolerant organisms (see Section
II1, F) and that from Chlorobium limicola (Sec-
tion II, A). These cytochromes also show spectra
that are similar to but not identical with that of
cytochrome c. It is not known whether there are
any similarities in the activities of these various
pigments.

H. Action of Antimycin A

In the chain of oxidative enzymes in mam-
malian tissues, some evidence exists for the
presence of still one more link in addition to the
oxidase, the other cytochromes and the dehydro-
genases. Substances such as BAL and antimycin
A inhibit the reactions of the whole oxidative
system, seeming to act at a point somewhere
between the dehydrogenases and cytochrome ¢
(98, 99), so that cytochromes a and c¢ are not
reduced, and cytochrome b cannot be oxidized.
We have tested the effect of antimycin A on the
respiration and the difference spectra of the
following bacteria: Acetobacter pasteurianum,

7 Wilson, T. G. G., and Wilson, P. W., unpub-
lished experiments.
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Aerobacter aerogenes, Azolobacter chroococcum,
Bacillus subtilis, Escherichia coli, Micrococcus
lysodetkticus, and Staphylococcus albus (41).
No effect has been observed with any of
these microorganisms, but the possibility has
not been eliminated that the antimyecin does not
penetrate the cells or that it is bound by other
substances present (100). However, it does react
in some manner to disrupt the chain of oxida-
tion reactions in yeast cells. Thus, one more
difference between the bacterial systems and
that of mammalian tissues is apparent.

1. Assoctation of the Bacterial Cytochrome Systems
with Insoluble Cellular Material

As in mammalian tissues, the cytochromes of
bacteria seem to be associated with insoluble
material within the cell. Moyed and O’Kane
(101) separated from P. vulgaris by sedimenta-
tion at 20,000 g a fraction which contained the
cytochrome system of these organisms. The cyto-
chromes could be reduced by a soluble pyruvate
dehydrogenase which they purified from the
supernatant fluid, and a mixture of the purified
dehydrogenase plus the insoluble fraction formed
an active system that linked the dehydrogenase
through the cytochrome system to molecular
oxygen. Stanier ef al. (102) examined fractions
obtained from Pseudomonas fluorescens broken
by exposure to sonic oscillations. They separated
coarse particles (10-100 my in diameter), fine
particles (less than 1 myu in diameter), and a
soluble fraction. Both the coarse and the fine
particles showed the same enzymatic activities
and contained several dehydrogenases and the
cytochrome system of the bacteria; thus, the
oxidation of a number of substrates by oxygen
was observed. Examination of repeatedly washed
suspensions of coarse particles by means of the
electron microscope revealed that the material
was physically heterogeneous.

Observations of Wilson and Wilson” with
sonic extracts of Azotobacter vinelandit and in our
laboratory® with Acetobacter subozydans and
Staphylococcus albus broken in a number of differ-
ent ways also show that a whole range of sizes
of insoluble “particles” is obtained from the ex-
tracts, all of which have similar enzymatic ac-
tivities and apparently differ only in size. The
particles of the azotobacter contain the bacterial

8 Smith, L., and Kuby, S. A., unpublished
experiments.
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cytochrome system and malic, lactic and succinic
dehydrogenases. The insoluble material from
Acetobacter suboxydans contains the complete
systems that oxidize alcohol, glucose and lactate,
and the rapid oxidation and reduction of the
cytochromes can be observed as in the whole
cells. Thus, the particulate material is useful for
examining the nature of these respiratory en-
zymes. No separation of the cytochromes or of
the enzymatic activities of the Acefobacter
suborydans particles was observed when the
insoluble material was separated into fractions
by differential centrifugation from 10,000 to
110,000 g. In the extracts of both Azotobacter
vinelandis and Acetobacter subozydans, a small
fraction of the particulate material resists
sedimentation by a high centrifugal force (about
140,000 g for 60 minutes for the azotobacter and
110,000 g for 30 minutes with the acetobacter).
The light-scattering properties of these fractions
are low, so that measurements of absorption
spectra can be made in an instrument such as a
Beckman spectrophotometer.

Weibull (103, 104) was able to digest the cell
walls of Bactllus megaterium by treatment with
lysozyme in sucrose solution and to isolate the
bacterial protoplasts. The protoplasts then were
lysed by treatment with buffer. Phase contrast
microscopy of a fraction of the lysate revealed
“ghosts”, which Weibull’s data indicate must
consist of cytoplasmic material and may repre-
sent the plasma membrane. The “ghost’ fraction
was observed to contain the entire cytochrome
system of the bacteria. The ghosts were dis-
rupted by treatment with sonic oscillation to
form an insoluble fraction that could be sedi-
mented as a uniformly colored pellet in the
preparative ultracentrifuge.

Militzer et al. (94, 105) also obtained an in-
soluble fraction by digestion of a thermophilic
organism, Bactllus stearothermophilus, with lyso-
zyme. The insoluble fraction was red in color and
contained malic and succinic dehydrogenases and
the bacterial cytochrome system. Georgi et al.
(106) and Burns and Militzer (107) described the
“red fraction” as made of spherical bodies whose
volume is approximately that of the cells from
which they are derived. As has been suggested
by Stanier et al. (102) and by Weibull (104),
the red fraction may consist of “ghosts” contain-
ing other cytoplasmic material. '

It appears that all of the observations on cyto-
chrome bearing fractions obtained from bacteria
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agree best with the postulate of Weibull that
these enzymes are associated in the cell with a
structure such as the cytoplasmic membrane or
a similar structure of uniform nature. The wide
range of sizes of “particles” obtained by the usual
methods of breaking bacteria would then result
from the disruption of this structure. A knowledge
of the nature of the insoluble material will be
important in attempts to separate and purify
the bacterial cytochromes.

10.

11.

. Kerun, D., aNp HarTtrEE, E. F.

REFERENCES

. Kerun, D. 1925 On cytochrome, a re-

spiratory pigment, common to animals,
yeasts and higher plants. Proc. Roy.
Soc. (London), B, 88, 312-339.

. Kemin, D., ano Harrtree, E. F. 1940

Succinodehydrogenase-cytochrome system
of cells. Intracellular system catalysing
the aerobic oxidation of succinic acid.
Proc. Roy. Soc. (London), B, 129, 277-306.
1939
Cytochrome and ecytochrome oxidase.
Proc. Roy. Soc. (London), B, 127, 167-191.

. Kusowirz, F., AND Haas, E. 1932 Ausbau

der photochemischen Methoden zur Un-
tersuchung des sauerstoffiibertragenden
Ferments. (Anwendung auf Essigbak-
terien und Hefezellen). Biochem. Z.,
285, 247-277. :

. CHANCE, B. 1953 The carbon monoxide

compounds of the cytochrome oxidases.
II. Photodissociation spectra. J. Biol.
Chem., 202, 397-406.

. Ke1uiN, D., aANp Hartrer, E. F. 1937

Preparation of pure cytochrome ¢ from
heart muscle and some of its properties.
Proec. Roy. Soc. (London), B, 122, 298-308.

. Kerun, D., aANpD HArTREE, E. F. 1949 Ef-

fect of low temperature on the absorption
spectra of haemoproteins; with observa-
tions on the absorption spectrum of oxy-
gen. Nature, 164, 254-259.

. Ke1uN, D., AND SzaTER, E. C. 1953 Cyto-

chrome. Brit. Med. Bull., 9, 89-96.

. Wyman, J., Jr. 1948 Heme proteins. Ad-

vances in Protein Chem., 4, 407-531.

Kerun, D. 1927 Le cytochrome, pigment
respiratoire intracellulaire commun aux
microorganismes, aux plantes et aux
animaux. Compt. rend. soc. biol., 97,
appendix 39-70.

Yaor, H.,, anp Tamiva, H. 1928 On the
respiratory pigment, cytochrome, in bac-
teria. Proc. Imp. Acad. (Tokyo), 4,
436-439.

12.

13.

14,

15.

16.

17.

18.

19.

21.

127

GRANICK, 8., AND GiLpEr, H. 1947 Dis-
tribution, structure and properties of the
tetrapyrroles. Advances in Enzymol., 7,
305-368.

FrEer, W., REIDMULLER, L., AND ALMasY, F.
1934 Uber Cytochrom und das Atmun-
gssystem der Bakterien. Biochem. Z.,
274, 253-267.

Fuirta, A., aNp Kobama, T. 1934 Uber
Cytochrom und das sauerstoffiibertra-
gende Ferment, sowie die Atmungshem-
mung der pathogenen Bakterien durch
CO und HCN. Biochem. Z., 278, 186-197.

Yamagurcrr, 8. 1937 Einige Untersu-
chungen iiber das Cytochrom der Bak-
terien. Botan. Mag. (Japan), b1, 457-461.

Tamiva, H., aAND Yamacurcer, S. 1933
Systematische Untersuchungen iiber das
Cytochromspektrum von verschiedenen
Mikroorganismen. Acta Phytochim. (Ja-
pan), 7, 233-244.

Kerun, D. 1934 Cytochrome and the
supposed direct spectroscopic observation
of oxidase. Nature, 183, 290-291.

FarreLn, M. A. 1935 Studies on the re-
spiratory mechanism of the streptococci.
J. Bacteriol., 29, 411-435.

CHAIX, P., AND FroMaGEOT, C. 1942 Les
cytochromes de Propionbacterium pento-
saceum. Trav. membres soc. chim. biol.,
24, 1125-1127.

. CrauvET, J. 1943 Etude de la respiration

de Mycoderma vini. Enzymologia, 11,
57-69.
Toopp, C. M. 1949 Occurrence of cyto-
chrome and coproporphyrin in myecobac-
teria. Biochem. J., 46, 386-390.

. ANDREJEW, A., AND ROSENBERG, A. J. 1952

Les cytochromes des bacilles tuberculeux
humains (HyRa), bovins (BCG), aviaires
(An) et de M. phles. Bull. soc. chim.
biol., 84, 279-283.

. CuN, C. H. 1952 The cytochrome system

of Acetobacter peroxydans with reference to
other Acetobacter species. Second Intern.
Congress Biochem. Abstr. Commun.,
Paris 1952, 277.

. SmiBaTA, K., AND TaMiva, H. 1933 Wei-

tere Untersuchungen iiber die Bedeutung
des Cytochroms in der Physiologie der
Zellatmung. Acta Phytochim. (Japan)
7, 191-231.

. Kamen, M. D., aNp VERNON, L. P. 1954

Existence of haem compounds in a photo-
synthetic obligate anaerobe. J. Bac-
teriol., (In press).



128

26. PosTaaTE, J. R. 1954 Presence of cyto-
chrome in an obligate anaerobe. Bio-
chem. J., 56, xi—xii.

27. Fink, H., anp BErwarp, E. 1933 Uber die
Umwandlung des Cytochromspektrums in
Bierhefen. Biochem. Z., 268, 141-146.

28. EparuUssi, B., AND SroNmMskr, P. P, 1950
Effet de l'oxygene sur la formation des
enzymes respiratoires chez la levrure de
boulangerie. Compt. rend., 280, 685-686.

29. Cuin, C. H. 1950 The effect of aeration on
the cytochrome systems of the resting
cells of brewer’s yeast. Nature, 165, 926-
927.

30. Caarx, P., anp Roncour, G. 1950 A
propos de la variabilité du systéme des
cytochromes chez certains microorganis-
mes. Biochem. et Biophys. Acta, 6, 268-
273.

31. ScHAEFFER, P. 1952 Disparition partielle
des cytochromes par culture anaerobie
chez certaines bacteries aérobies faculta-
tives. Biochim. et Biophys. Acta, 9,
261-270.

32. Moss, F. 1952 The influence of oxygen
tension on respiration and cytochrome
as formation of Escherichia coli. Aus-
tralian J. Exptl. Biol. Med. Sci., 30, 531-
541.

33. ScHAEFFER, P. 1952 Excrétion de por-
phyrines par culture anaérobie chez
certaines bacteries aérobies facultatives.
Biochim. et Biophys. Acta, 9, 362-368.

34.ISCHAEFFER, P., anp SronNimskr, P. P. 1951
Relation entre cytochromes et strepto-
mycine chez un mutant de Bacillus cereus
exigeant la streptomycine pour sa crois-
sance. Compt. rend., 233, 1692-1694.

35. Lenaorr, H. W., aAnp Kaprran, N. O. 1953
A cytochrome peroxidase from Pseudo-
monas fluorescens. Nature, 172, 730.

36. Waring, W. 8., AND WEREMAN, C. H. 1944
Iron deficiency in bacterial metabolism.
Arch. Biochem., 4, 75-87.

37. PAPPENHEIMER, A. M., JRr., AND HENDEE, E.
D. 1947 The iron enzymes of Corynebac-
terium diphtheriae and their possible rela-
tionship to diphtheria toxin. J. Biol.
Chem., 171, 701-713.

38. Gary, N. D., anp Barp, R. C. 1952 Effect
of nutrition on the growth and metabo-
lism of Bacillus subtilis. J. Bacteriol.,
64, 501-512.

39. Tissi®REs, A. 1951 A study of the cyto-
chrome system and some other aspects of
the respiration of Aerobacter aerogenes.
Biochem. J., 60, 279-288.

LUCILE SMITH

40.

41.

45.

47.

49.

61.

52.

. CrANCE, B.

[voL. 18

Kerun, D. 1933 Supposed direct spec-
troscopic observation of the oxygen-
transporting ferment. Nature, 132, 783.

Smite, L. 1954 Bacterial cytochromes.
Difference spectra. Arch. Biochem. Bio-
phys., 60, 299

. EviLer, H., FINk, H., AND HELLSTROM, H.

1927 Uber das Cytochrome in Hefezellen.
Z. physiol. Chem., 169, 10-561.

CHa1x, P., AND FroMAGEOT, C. 1942 Spec-
trographie quantitative de microorganis-
mes. Trav. membres soc. chim. biol., 24,
1259-1268.

1951 The accelerated and
stop-flow methods for the measurement of
the reaction kinetics and spectra of un-
stable compounds in the visible region of
the spectrum. Rev. Sci. Instr., 22, 619-
627.

CHANCE, B. 1952 Spectra and reaction
kinetics of respiratory pigments of homo-
genized and intact cells. Nature, 169,
215-230.

. WARBURG, O., NEGELEIN, E. AND Haas, E.

1933 Spektroskopischer Nachweis des
sauerstoffiibertragenden Ferments neben
Cytochrom. Biochem. Z., 268, 1-8.

NEeGeLEIN, E., aAND GERIsCHER, W. 1934
Direkter spektroskopischer Nachweis des
sauerstoffiibertragenden Ferments in Azo-
bakter. Biochem. Z., 268, 1-7.

CHANCE, B. 1953 The carbon monoxide
compounds of the cytochrome oxidases.
I. Difference spectra. J. Biol. Chem., 202,
383-396.

LemBrra, R., AND WynNDpAM, R. A. 1937
Some observations on the occurrence of
bile pigment haemochromogens in nature
and on their formation from haematin and
haemoglobin. J. Proc. Roy. Soc. N. 8.
Wales, 70, 343-356.

. HoupEN, H. F., AND LemBBRG, R. 1939

The ultraviolet absorption spectra of bile
pigment iron compounds and of some
bile pigments. Australian J. Exptl. Biol.
Med. Sei., 17, 133-143.

CHANCE, B. 1952 The kinetics and inhibi-
tion of cytochrome components of the
succinic oxidase system. I. Activity
determinations and purity criteria. J.
Biol. Chem., 197, 557-565.

CuaNce, B. 1953 The carbon monoxide
compounds of the cytochrome oxidases.
III. Molecular extinction coefficients. J.
Biol. Chem., 202, 407-416.

KemunN, D., ano HarTree, E. F. 1938
Cytochrome oxidase. Proc. Roy. Soc.
(London), B, 126, 171-186.



1954]

54.

55.

57.

61.

62.

67.

. PoNGRATZ,

. YAMAGUTCHI,

. TANAKA,

. VErNON, L. P., aAND KaMeEN, M. D.

BACTERIAL CYTOCHROMES

YamagurcHr, 8. 1935 Untersuchungen iiber
die intrazellulare Indophenolreaktion
bei Bakterien. Acta Phytochim. (Japan),
8, 263-283.

Yamagurcar, S. 1937 Uber die Oxydation
von verschiedenen Phenolkdérpern und
Phenylendiaminen durch Bacillus pyo-
cyaneus. Acta Phytochim. (Japan), 10,
171-198.

. Sevag, M. G., AND SHELBURNE, M. 1942

Cyanide-sensitive bacterial respiratory
systems different from the usual cyto-
chrome-cytochrome oxidase system. J.
Gen. Physiol., 26, 1-9.

Aaner, K. 1941 Verdoperoxidase. Acta
Physiol. Scand., 2, 5-62.

E. 1950 Influence de sub-

stances chimiques et biologiques diverses

sur la Nadi-réaction catalytique. Arch.

sci. (Geneva), 8, 331-356.

S. 1934 Uber die Beein-

flussung der Sauerstoffatmung von ver-

schiedenen Bakterien durch Blausaiire und

Kohlenoxyd. Acta Phytochim. (Japan),

8, 157-172.

K. 1935 Uber die oxydative
Umsetzung einigen organischen Saiiren bei
Essigbakterien. Acta Phytochim. (Ja-
pan), 8, 285-313.

CHalx, P., aNpD FroMaGgEOT, C. 1942 In-
fluence de ’oxyde de carbone sur la res-
piration de Propionbacterium pentosaceum.
Trav. membres soc. chim. biol., 24, 1128~
1131.

Cuaix, P., ano Kuin, T. P. 1942 De-
sulfuration de la cysteine en aerobiose et
constitution du systeme respiratoire chez
Bacillus subtilis. Trav. membres soc.
chim. biol., 26, 1474-1480.

. GErARD, R. W. 1931 Observations on the

metabolism of Sarcina lutea. Biol. Bull.,
60, 227-241.

1953
Photoautoxidation of ferrocytochrome ¢
in extracts of Rhodospirillum rubrum.
Arch. Biochem. Biophys., 44, 298-311.

. KetuN, D., ano Harriey, C. H. 1941

Cytochrome system in Bacterium coli
commune. Biochem. J., 35, 688-692.

. KeiunN, D. 1933 Cytochrome and intra-

cellular respiratory enzymes. Ergeb.
Enzymforsch., 2, 239-271.

Smita, L. 1954 An investigation of cyto-
chrome c oxidase activity in bacteria.
Arch. Biochem. Biophys., 60, 315~

. Tissi2rEs, A. 1952 Oxidation of glucose

by a cell-free preparation of Aerobacter
aerogenes. Nature, 169, 880-881.

69

70.

71.

72.

73.

74.

75.

76.

78.

79.

81.

82.

129

. KeruiN, D., anp HarTree, E. F. 1938
Cytochrome a and cytochrome oxidase.
Nature, 141, 870-871.

Tamrva, H., aNp Tanaka, K. 1930 Zur
physiologie der Essigsaiiregirung. I. Ein
Beitrag zur Kenntnis der Bedeutung des
Cytochroms in der Physiologie der Zellat-
mung. Acta Phytochim. (Japan), 8,
167-211.

RawriNsoN, W. A., aND Havrg, J. H. 1949
Prosthetic groups of the cytochromes
present in Corynebacterium diphtheriae
with especial reference to cytochrome a.
Biochem. J., 46, 247-255.

RocHE, J., AND BENEVANT, M. T. 1936
Sur les hematines des cytochromes a.
Compt. rend., 208, 128-130.

WarBUuRGg, O., aAnp NEegeLEIN, E. 1932
Uber das Himin des sauerstoffiibertra-
genden Ferments der Atmung, iiber einige
kiinstliche Himoglobine und iiber Spiro-
graphis-Porphyrin. Biochem. Z., 244,
9-32.

CuaNcE, B., SmitH, L., AND CasToR, L. N.
1953 New methods for the study of the
carbon monoxide compounds of respiratory
enzymes. Warburg Festschrift. Biochim.
et Biophys. Acta, 12, 289-298.

Smita, L. 1953 Relationships of cyto-
chromes a and a;. Federation Proc., 12,
270.

PERsoN, P., Wainio, W. W, anp EicuEL, B.

1953 The prosthetic groups of cytochrome
oxidase and cytochrome b. J. Biol.
Chem., 202, 369-381.

. BaLi, E. G., aAnD Coorer, O. 1952 The
reaction of cytochrome oxidase with
cyanide. J. Biol. Chem., 198, 629-638.

CourtER, C. B., AND STONE, F. M. 1931
The occurrence of porphyrins in cultures
of C. diphtheriae. J. Gen. Physiol., 14,
583-596.

PaprPENHEIMER, A. M., Jr. 1947 Diph-
theria toxin. III. A reinvestigation of
the effect of iron on toxin and porphyrin
production. J. Biol. Chem., 167, 251-259.

. HaLg, J. H., RawLiNsoN, W. A., Gray, C.
H., Hovr, L. B., RiMinaTON, C., AND
Smite, W. 1950 The biosynthesis of
porphyrins and haems by C. diphtheriae.
Brit. J. Exptl. Path., 81, 96-101.

Topp, C. M. 1949 Occurrence of cyto-
chrome and coproporphyrin in mycobac-
teria. Biochem. J., 45, 386-390.

PAPPENHEIMER, A. M., JR., AND HENDEE, E.
D. 1949 Comparison between the diph-
therial succinoxidase system and that of



130

83.

87.

91.

92.

93.

95.

. GraNICK, S., anp GiipEr, H.

LUCILE SMITH

beef heart muscle. J. Biol. Chem., 180,
597-609.

Tsou, C. L. 1951 On the cyanide inactiva-
tion of succinic dehydrogenase and the
relation of succinic dehydrogenase to
cytochrome b. Biochem. J., 49, 512-520.

. GILDER, H., AND GRANICK, 8. 1947 Studies

on the hemophilus group of organisms.
Quantitative aspects of growth on various
porphyrin compounds. J. Gen. Physiol.,
81, 103-117.

. Bacm, 8. J., DixoN, M., anND ZERFas, L. G.

1946 Yeast lactic dehydrogenase and

cytochrome bs. Biochem. J., 40, 229-239.

1946 The
porphyrin requirements of Hemophilus
influenzae and some functions of the vinyl
and propionic acid chains of heme. J.
Gen. Physiol., 30, 1-13.

QuasteL, J. H. 1932 Effect of carbon
monoxide on the biological reduction of
nitrate. Nature, 180, 207.

. Sato, R., AND Egamr, F. 1949 Studies on

nitrate reductase. Bull. Chem. Soc.

Japan, 22, 137-143.

. Joruik, W. 1950 Studies on the nitrate

reductase of Escherichia cols in the cell-
free state. Australian J. Sci. Research,
B 8, 28-44.

. Eppy, B. P., IneraM, M., AND MarsoN, L.

W. 1952 Reduction of dehydroascorbic
acid by bacteria. II. Role of cytochrome
in hydrogen transport. Biochem. J., 61,
375-379.

CHANCE, B. 1953 Enzyme mechanisms in
living cells. In The mechanism of enzyme
action. Edited by W. D. McElroy and B.
Glass. Johns Hopkins Press, Baltimore,
Md., p. 399.

Eeami, F., Itamasai, M., Sato, R., AND
Mogr, T. 1953 A cytochrome from halo-
tolerant bacteria. J. Biochem. (Japan),
40, 527-534.

PAPPENHEIMER, A. M., JR. 1947 Bacterial
toxins. Federation Proc., 8, 479-484.

. Miuirzer, W., SoNnpErREGGER, T. B., anD

TurrLe, L. ConNsTancE 1950 Thermal
enzymes. II. Cytochromes. Arch. Bio-
chem., 26, 299-306. :
NEranps, J. B. 1952 The isolation and
properties of cytochrome c¢ from different
gources. J. Biol. Chem., 197, 701-708.

[voL. 18

96. TinT, H., AND REIss, W. 1950 Studies on
the purity and specificity of cytochrome
¢. I. Electrophoretic analyses. J. Biol.
Chem., 182, 385-396.

97. VErNON, L. P. 1953 Cytochrome ¢ con-
tent of Rhodospirillum rubrum. Arch.
Biochem. Biophys., 48, 492-493.

97a. ELspEN, 8. R., KameEn, M. D., aNp VER-
NoN, L. P. 1953 A new soluble cyto-
chrome. J. Am. Chem. Soc., 75,
6347-6348.

98. SLATER, E. C. 1949 A respiratory catalyst
required for the reduction of cytochrome ¢
by cytochrome b. Biochem. J., 46, 14-30.

99. PorTER, V. R., AND REIF, A. E. 1952 In-
hibition of an electron transport com-
ponent by antimyecin A. J. Biol. Chem.,
194, %7—297. '

100. Rerr, A. E. 1953 Kinetics of succinoxi-
dase inhibition by antimycin A and by a
naphthoquinone. Federation Proc., 12,
256.

101. Movep, H. 8., axnp O’Kang, D. J. 1952
The enzymes of the pyruvate oxidase
system of Proteus vulgaris. Arch. Bio-
chem. Biophys., 39, 457-458.

102. Stanier, R. Y., Gunsarus, I. C., aND
GunsaLus, C. F. 1963 The enzymatic
conversion of mandelic acid to benzoic
acid. II. Properties of the particulate
fraction. J. Bacteriol., 66, 543-547.

103. WersuLL, C. 1953 The isolation of proto-
plasts from Bacillus megaterium by con-
trolled treatment with lysozyme. J.
Bacteriol., 68, 688-695.

104. WErBuLL, C. 1953 Characterization of the
protoplasmic constituents of Bacillus
megaterium. J. Bacteriol.,, 66, 696-702.

105. MiLiTzEr, W., SonpEREGGER, T. B., Tur-
TLE, L. CoNsTANCE, AND GEORa1, C. E.
1949 Thermal enzymes. Arch. Biochem.,
24, 75-82.

106. Georar, C. E., Miuitzer, W., Burns, L.,
AND Heomis, J. 1951 Existence of a cell
granule in a thermophilic bacterium.
Proc. Soc. Exptl. Biol. Med., 76, 598-601.

107. Burns, L., aANp Miurtzer, W. 1953 Or-
ganelle nature of a cell granule from
a thermophilic bacterium. Proc. Soec.
Exptl. Biol. Med., 82, 411-413.



